INTRODUCTION
Timing of accretion of the primary planetesimals in the early solar system has been investigated using short-lived (e.g., 26 Al, 53 Mn, 182 Hf and 129 I) and long-lived (e.g., 238 U, 235 U, 232 Th and 147 Sm) radionuclides. The fi rst condensed objects in the solar system are known to be the calcium-aluminum-rich inclusions (CAIs) in chondrites (undifferentiated meteorites mainly composed of Fe-and Mg-bearing silicates), the most abundant meteorites found on Earth. The formation age of the CAIs was precisely determined by 207 Pb/ 206 Pb dating at ~4.56-4.57 Ga (Tilton 1988; Allègre et al. 1995; Amelin et al. 2002) . Following the formation of the CAIs, more solids were rapidly accreted. Bodies grown to relatively large size (e.g., large terrestrial planets) experienced differentiation forming metallic cores, whereas smaller bodies of asteroids (e.g., parent bodies of chondritic meteorites) underwent relatively mild thermal metamorphism over the next ~15-20 Myr (summarized in Gilmour and Saxton 2001) , followed by cooling to the their present thermal status.
Thermal histories of asteroids and planets after primary crystallization or metamorphism have been the subject of considerable attention. One reason for this attention is because the deduced thermal histories provide key information on accretion processes, physical dimensions and heat budget of the early solar bodies. Using Ni distribution between two metallic phases, kamacite and taenite, Wood (1967) deduced cooling rates of ~2-10 °C/Ma at ~500 °C for ordinary chondrites, and showed how this information can be used to estimate the size of the parent body and original depth of individual meteorites in the parent body. Turner et al. (1978) deduced cooling rates at ~240 ± 120 °C by studying 40 Ar/ 39 Ar system in 16 unshocked chondrites, and suggested that these are from parent bodies with radii less than 30 km, or from at shallow depths in larger bodies. Pellas and Storzer (1981) re-estimated the cooling rates and extended the thermal histories into the low-temperature regime for individual chondritic and iron meteorites using 244 Pu fi ssion track method, fi nding a strong correlation between the metamorphic grade and cooling rate of H-chondrites (a subgroup of the ordinary chondrites with relatively high Fe/Si). Based on these data, they concluded that the parent body of the Hchondrites had a layered structure with less-metamorphosed, rapidly cooled meteorites (H4) at the margin and more-metamorphosed, slowly cooled meteorites (H6) at the deeper parts of the parent body. Although this "onion shell" model is questioned by several authors (Scott and Rajan 1981; Grimm 1985; Taylor et al. 1987) , it is supported by later studies on thermal histories estimated from the same type of meteorites (Göpel et al. 1994; Trieloff et al. 2003) . More sophisticated modeling of thermal histories has revealed internal structures and size of the chondrite parent bodies (Miyamoto et al. 1981; Bennett and McSween 1996) . Thermal histories can be also used to infer dynamic effects of impact between different solid bodies. Impacts are (1) the major surface-(re)shaping processes for most solid bodies in the solar system and (2) the dominant processes by which solid materials can be transported among (also called as whitlockite) crystals, (2) the density of cosmic rays in space is much higher than on earth surface, thus cosmic ray-induced 4 He should be considered, (3) radiogenic 4 He produced from extinct radionuclides, such as 244 Pu, may be present in the old (>4.0 Ga) samples, and (4) trapped 4 He may exist.
History
In the early history of (U-Th)/He dating, iron meteorites (meteorites mainly composed of Fe and Ni in the form of Fe-Ni alloys) were the most common target materials. Among various meteorites, the iron meteorites were known to have very slow He diffusion (Paneth et al. 1930 ), thus they were believed to be more robust to diffusive He loss presumably yielding reliable formation ages of the parent asteroids. Paneth et al. (1930) and Arrol et al. (1942) analyzed large amounts (>10 mg) of iron meteorites and reported a wide range of (U-Th)/He ages (60-7000 Ma) with large uncertainties. Cosmic ray-induced 4 He, however, was not considered in the age calculations until Baur (1947) discovered a negative correlation between age and the size of iron meteorites and suggested the presence of cosmogenic 4 He to explain such relationship. Subsequent work revealed more direct evidence of cosmic ray-induced He production (Huntley 1948) , as well as data providing quantitative evaluation of the cosmogenic He production rates and their depth dependency in iron meteorites (Baur 1948a,b) . Although there was debate on the precise amount of cosmogenic 4 He in meteorites (Chackett et al. 1950) , it was generally accepted that the cosmogenic 4 He should be corrected for (U-Th)/He age determinations. When the cosmogenic component is considered, the corrected (U-Th)/He ages of the iron meteorites would become much younger as the iron meteorites' U-and Th-contents are very low, and produce only small amounts of radiogenic 4 He compared to the cosmogenic 4 He. Without knowing accurate and precise production rates of 4 He, it is impossible to obtain reliable (UTh)/He ages from such meteorites. To separate the cosmogenic component from the radiogenic one, Paneth et al. (1952) Ar ages, were believed to result from partial loss of 4 He during thermal disturbance(s) after formation of the parent body. Limited reproducibility of the (U-Th)/He ages undermined further vigorous applications of this method to diverse meteorites. Nevertheless, a few studies such as Heymann (1967) and Alexeev (1998) were devoted to (U-Th)/He dating on chondrites. Wasson and Wang (1991) calculated (U-Th)/He ages for ~300 ordinary chondrites based on previously published He data combined with the average U and Th compositions of the meteorite group.
In the late 80's, Zeitler et al. (1987) observed volume diffusion behavior of He in Durango apatite suggesting its possible application for (U-Th)/He thermochronology. The He diffusion properties were further examined for the (U,Th)-rich minerals titanite (Reiners et al. 1999 ), Min apatite (Farley 2000) and zircon (Reiners et al. 2002) . The revised techniques are widely applied to understand low-temperature thermal histories of terrestrial samples, but rarely applied to meteorites. From single phosphate grains in Acapulco meteorite, Min et al. (2003) obtained (U-Th)/He ages of ~4.5 Ga, essentially indistinguishable from the formation age of the solar system. This study showed that the (U-Th)/He method can yield reliable results, even for such old samples. Another example of single grain study was on Los Angeles (LA) Martian meteorite (Min et al. 2004 ). The (U-Th)/He ages from the LA merrillites are consistent with cosmic ray exposure ages suggesting that the impact metamorphism and ejection of the LA from Mars happened in a very short time interval. The main differences between these two studies and the previous ones are (1) the amount of samples analyzed was signifi cantly reduced to the scale of single phosphate grains having enriched U and Th, and (2) the U, Th and 4 He compositions were measured in the same material excluding possible age bias due to sample heterogeneity.
Sample preparation
The most common U, Th reservoirs in meteorites are phosphates such as apatite [Ca 5 (PO 4 ) 3 (F,OH,Cl)] and merrillite [Ca 18 Na 2 (Mg,Fe) 2 (PO 4 ) 14 ]. Although phosphates are minor phases (< 1 modal %), these minerals are present in chondrites (Crozaz 1979; Crozaz et al. 1989) , Acapulcoites (Zipfel et al. 1995; Mittlefehldt et al. 1996) , mesosiderites (Crozaz et al. 1982) , Martian meteorites, lunar samples and iron meteorites (Crozaz et al. 1982; McCoy et al. 1993) . Other phosphates (brianite and panethite) were also reported in the Dayton and Carlton iron meteorites (McCoy et al. 1993 ).
In (U-Th)/He dating, knowing the original morphologies of individual grains is important in order to correct for alpha recoil effects (discussed in the following section). Most phosphates in meteorites are small and anhedral, thus it is almost impossible to separate grains preserving their original morphologies. Optical microscopy, commonly employed to examine the quality and size of the terrestrial samples, does not provide enough information for meteoritic samples. To infer the original morphologies, or to estimate the alpha ejection factors of individual grains, it is important to characterize each grain with non-destructive methods before (U-Th)/He analysis. Compositional mapping and Energy Dispersive Spectra (EDS) are recommended for meteorite studies. More details of sample preparation and analytical procedures are available in the Appendix.
Age corrections
Trapped and cosmogenic components of 4 He. Three major sources of 4 He in meteorites are (1) trapped, (2) cosmogenic and (3) radiogenic components. It is necessary to distinguish the radiogenic component from the other two in order to calculate (U-Th)/He ages.
The trapped component can be further divided into planetary gas and solar gas components. The planetary gas component is found in Martian meteorites as well as in primary meteorites such as carbonaceous chondrites (a group of chondrites having high carbon contents; believed to be more primary than other meteorites as characterized by their presolar signatures), but rarely reported in other meteorite groups (Ott 2002 Wieler (1998) or Lorenzetti et al. (2003) (Fig. 1) He/ 3 He is ~3500 or higher for most meteorites (Eugster 1988; Lorenzetti et al. 2003) . Although the majority of meteorites are known to have negligible amounts of trapped 4 He, there are exceptions in aubrites and some chondrites (Wasson and Wang 1991) He) cos of 3.2-4.4, generally consistent with the previous results (~4) obtained from proton-bombardment experiments with iron targets (Schaeffer and Zähringer 1959) .
To use the Equation (1), the cosmogenic 3 He content should be measured for the target sample. Alternatively, the cosmogenic 3 He can be estimated if the production rate of 3 He (P 3 ), and the mass and exposure age of the sample are known:
He P mass of sample osure a cos (atoms) (atoms/g Ma)
The P 3 is better constrained than the P 4 simply because there is no radiogenic 3 He.
Eugster ( 1.11). The production rate of 3 He has also been studied by performing proton-bombardment experiments for various target materials (e.g., Leya et al. 2000) and by applying a pure physical model (Masarik et al. 2001; reviewed by Wieler 2002) . One of the advantages of the proton-bombardment experiments is that an elemental production rate can be deduced, thus the results eventually can be generalized to any compositions of target materials. The protonbombardment experiments combined with physical model yield production rates consistent with but slightly lower than the Eugster's (1988) estimates. In combining the estimated ( 4 He/ 3 He) cos and P 3 (1.61 × 10 −8 cm 3 STP/g-Ma) values, P 4 of 8 ~ 10 × 10 −8 cm 3 STP/g-Ma is deduced for bulk chondrites at average depth.
One may question if the production rate estimated for bulk chondrite is comparable with the production rate in specifi c target minerals, i.e., phosphates. The phosphates are mainly composed of O, Ca and P, signifi cantly different from the bulk composition of chondrites. Elemental P 3 values were estimated for six targets of O, Mg, Al, Si, Fe and Ni (Leya et al. 2000) . Unfortunately, P 3 for the main phosphate constituents of Ca and P are not available yet. It is known, however, that the production rate generally decreases as the mass difference between the target and product elements increases (Wieler 2002) . If this rule is applicable to the 3 He production in P and Ca, then the P 3 for phosphates should be comparable with production rates for bulk chondrites.
The proportion of 4 He cos to the total 4 He is a function of several factors including U and Th concentrations, 4 He retention age, sample exposure age and the size of the samples. Heymann (1967) noted that the calculated cosmogenic 4 He contents in bulk samples are commonly more than 50% of the total 4 He, causing large uncertainties in resultant (U-Th)/He ages. As noted by Alexeev (1998) , an increase of ~20% in the ( 4 He/ 3 He) cos parameter causes ~25% decrease in the (U-Th)/He ages for the L-chondrites. This is true for many other chondrites, and even more serious for U-and Th-poor iron meteorites. The contribution of 4 He cos can be signifi cantly reduced by choosing U-and Th-concentrated phases such as phosphates. Single grains of apatite with mass of 5 µg and U and Th concentrations of 5 ppm and 1 ppm, respectively, would yield less than ~0.1% 4 He cos for given conditions (He retention age = 4.5 Ga, exposure age < 50 Ma; as shown in Fig. 3a) . The 4 He cos contribution increases as U and Th contents decrease. For meteorites with young He retention ages, the cosmogenic component becomes signifi cant because of low radiogenic 4 He abundance (lines 4, 5 and 6 in Fig. 3a ).
Single grain (U-Th)/He ages are much more robust to the cosmogenic 4 He correction than those from bulk samples, one of the many advantages using U-, Th-rich single grains for (UTh)/He dating. Sm produces much less 4 He than U and Th do in meteorites. However, this effect may be signifi cant if the target material has very low Uand Th-abundances. Figure 3b shows the 147 Sm effect for different U-and Th-contents, and cooling ages. The 147 Sm contents in phosphates from St Sevérin and Richardton chondrites were measured recently in the Yale (U-Th)/He lab, and the effect on the fi nal ages is generally less than 0.5% for apatites, but up to 4-5 % for merrillites. This effect should be considered for accurate age determinations particularly for merrillites having low U and Th. Pu (half life = 82 m.y.) is another source of 4 He. Because 244 Pu was present during the early solar history, this correction is needed for meteorites older than ~4.4 Ga. The original amount of 244 Pu can be roughly inferred using fossil fi ssion tracks and fi ssiogenic Xe isotopes. For various chondrites, 244 Pu/ 238 U values of ~0.004-0.017 were inferred with relatively large uncertainties (Hagee et al. 1990) . Similar values were estimated for apatites (0.004) and merrillites (0.011) from the Acapulco meteorite (Pellas et al. 1997 
Effects
(a)
Sm ( contribution of 244 Pu is generally less than 1% for ~4.5 Ga meteorites (Fig. 3c) . For Acapulco apatites with ages older than ~4.5 Ga, the number of 4 He atoms produced by 147 Sm and extinct- 244 Pu is calculated less than 0.15% of the total 4 He (Min et al. 2003) .
Alpha recoil correction. When alpha particles ( 4 He atoms) are produced from parent nuclides, the alpha particles become energized and move (recoil) from their original positions. The recoil distance is generally in the range of 10-30 µm depending on the parent nuclide and the medium the alpha particles pass through. If some of alpha particles are ejected from the system, (U-Th)/He ages can appear younger than their true ages. The details of alpha recoil corrections are available in Farley et al. (1996) and Hourigan et al. (2005) .
To correct for alpha ejection loss, it is important to know natural morphologies of the separated samples. Practically, it is quite diffi cult to estimate the original morphologies of the meteoritic phosphate samples because many of the phosphates are small, irregularly shaped and sometime intensively cracked. It is almost impossible to extract phosphate grains retaining their original crystal forms. Instead, it may be possible to indirectly infer the alpha ejection correction factors by carefully examining natural shapes (in situ) and separated grains of phosphates. Min et al. (2003) used phosphate crystals separated from the Acapulco meteorite and obtained alpha ejection-uncorrected (U-Th)/He ages of ~4.5 Ga, essentially same as the metamorphic age deduced from 207 Pb/ 206 Pb method. Based on the petrographic observations, they concluded that the phosphate grains used for the analyses were probably derived from larger grains (Fig. 4a) , and the marginal parts of the original grains were removed during sample preparation procedure. For these samples, alpha ejection correction factor was estimated to be ~1.
Another example is from Los Angeles, shocked Martian meteorite. By examining thin sections and mineral separates of the phosphates from Los Angeles, Min et al. (2004) suggested that phosphate separates with other phases attached are probably from marginal parts of originally larger grains (Fig. 4b) . The original phosphates have many cracks, and the morphology of separated grains was probably determined by these cracks. For such samples, alpha particles ejected from the phosphate fragment may be retained in the neighboring phases, if the thickness of the attached material is comparable with the He recoil distance, Miñ 20 µm. Based on the morphologies of the samples, it was concluded that the alpha ejection factors of phosphates used for analyses was ~1. They obtained alpha ejection-uncorrected (UTh)/He ages identical with cosmic ray exposure ages within their uncertainties.
Generally it is diffi cult, if not impossible, to quantitatively estimate alpha ejection factors for individual grains from meteorites and the best method may be identifying samples with least potential of alpha ejection. Selecting large grains is certainly helpful in reducing the alpha ejection problems. Because of these diffi culties, the single grain (U-Th)/He ages obtained from the Acapulco are regarded as minimum ages (Min et al. 2003) .
Diffusion properties
Diffusion parameters. The diffusion properties of the extraterrestrial phosphates are poorly understood because phosphate phases are generally rare and small, thus contain very little He gas, causing technical diffi culties in performing diffusion experiments. In addition, many meteoritic phosphates have cracks and euhedral crystal forms undermining precise estimate of the diffusion parameters. Min et al. (2003) For merrillites, which typically have less radiogenic 4 He than apatites, there are no published estimates of He diffusion characteristics. Nevertheless, Min et al. (2004) suggested that a similarity between the He diffusion properties for apatite and merrillite can be indirectly supported by the systematic relationships between He diffusion and 244 Pu fi ssion track annealing kinetics in the two minerals. The He closure temperatures for terrestrial minerals are in the order of (apatite < titanite ≈ zircon), and a similar trend is observed for fi ssion track annealing temperatures in these phases. The retention temperatures (temperatures at which 50% of fi ssion tracks are retained) in extraterrestrial merrillites are comparable or slightly higher than that of apatites (see 244 Pu FISSION TRACK DATING). If the He diffusion and fi ssion track annealing in merrillites also follow the general trend found in the terrestrial apatite, titanite and zircon, the He closure temperature of merrillite is expected to be similar to or slightly higher than that of apatite.
The best material for direct diffusion experiments is large phosphate crystals from old and unshocked (thus having enough 4 He) meteorites. However, such samples are rare, and the Acapulco apatite is probably one of the best samples for this purpose. Alternatively, it may be possible to measure diffusion properties using the recently developed proton-bombardment method (explained by Shuster and Farley 2005) . Because this method uses artifi cially produced 3 He instead of radiogenic 4 He, the method can overcome the limitations of sample size and low abundance of radiogenic 4 He. This method may provide He diffusion properties of samples from individual meteorites, a step forward which will be much more powerful than assuming the same diffusion properties for extraterrestrial phosphate samples.
He diffusion during shock metamorphism. Shock metamorphism is a very short event with an instant increase of temperature followed by rapid cooling to ambient temperature. He diffusion in phosphates is sensitive enough to constrain the temperature conditions of such rapid shock metamorphism. Figure 5 shows how the 4 He concentration in apatite would change as a function of metamorphic temperature and diffusion domain size. The metamorphic temperature variations over the shock event are simulated assuming conductive cooling after given peak shock temperatures. Based on the He diffusion modeling, Min et al. (2004) concluded that the Los Angeles Martian meteorite experienced shock metamorphism at ~3.28 Ma with a peak metamorphic temperature higher than 450 °C.
The uncertainties of this model calculation are mainly from errors associated with diffusion parameters (as discussed above) and the diffusion domain size of the samples. The shock metamorphosed mineral phases usually contain many cracks likely developed during the shock event. These cracks play an important role in He diffusion acting as fast pathways for diffusions, and making the actual diffusion domain size smaller than the crystal size. Therefore it is necessary to carefully examine the internal structures of phosphate samples to deduce the most probable diffusion domain size. Wasson and Wang (1990) calculated whole rock (U-Th)/He age for H-, L-and LLchondrites based on previously published He isotopic data and average U and Th compositions (Fig. 6 ). For 16 selected L-chondrites, Heymann (1967) deduced whole rock (U-Th)/He ages ranging from <100 Ma to 4400 Ma with a peak near 500 Ma, consistent with the isochron age [~520 ± 60 Ma (1σ); Fig. 2 ]. These ages are interpreted as the timing of impact, followed by catastrophic breakup of the parent asteroid of the L-chondrites. The ages are, however, based on the ~20-30% 4 He loss postulated from 3 He/ 21 Ne distributions. Therefore the ages are sensitive to the degree and timing of 4 He loss presumably by solar heating after the impact event (Heymann 1967) . The sample selection and data reduction procedures employed by Heymann (1967) were questioned by Alexeev (1998) who obtained much younger (U-Th)/He ages of ~340 ± 50 Ma (1σ) for the L-chondrites. However, 40 Ar/ 39 Ar ages (Bogard et al. 1976; Bogard 1979 Bogard , 1995 Keil et al. 1994) and Rb/Sr dates (Fujiwara and Nakamura 1992) for the L-chondrites are concentrated near ~500 Ma supporting the Heymann's (1967) results. In addition, abundant chromite fragments with L-chondritic composition were found in midOrdovician (~480 Ma) sediment layers (Schmitz et al. 2003) . These fragments have very short (~10 5 years) cosmic ray exposure ages implying rapid transport from asteroidal belts to the Earth (Heck et al. 2004 ). These fi ndings confi rm the suggestion of massive destruction of parent body of L-chondrites at ~500 Ma. Kring et al. (1996) assigned two more impact episodes at ~880 Ma and ~20 Ma for the L-chondrites. The H-and LL-chondrite have generally older ages than L-chondrites. The age distributions of the H-and LL-chondrites show broad scattering with peaks near 3-4 Ga (Fig. 6a,c) . These ages are younger than the 40 Ar/ 39 Ar ages (> ~4.2 Ga), and the main explanations for 4 He loss is impact-induced shock metamorphism. Alexeev (1998) selected six H-chondrites having young 40 Ar/ 39 Ar ages, and deduced a signifi cant heating at ~200 Ma for these samples. The whole rock ages of 25 achondrites of eucrites, howardites and shergottites were estimated to be 0.1-4.5 Ga, although the meanings of these estimated ages are not clear (Heymann et al. 1968 ).
(U-Th)/He ages
For the Acapulco meteorite, a (U-Th)/He ages of ~3.1 Ga was reported from whole rock analyses (Palme et al. 1981) . Single grain analyses applied to the phosphates from the same meteorite yielded a peak near 4.5 Ga and a few young ages (Min et al. 2003) . After examining the age distribution, they suggested very heterogeneous thermal events within a few mm scale, with the primary cooling occurring after high temperature metamorphism at > 4538 ± 64 Ma (2σ). For the LA Martian meteorite, Min et al. (2004) also performed single grain analyses for phosphates, obtaining very young (U-Th)/He ages of ~3.28 ± 0.15 Ma (2σ), consistent with the exposure age (3.1 ± 0.2 Ma).
These two recent studies show that the single grain method can be used to uncover the cooling histories of the early solar system as well as to characterize young shock metamorphism. The modern (U-Th)/He method may give signifi cantly different results from whole rock analyses, as shown for the Acapulco meteorite. Also, the large uncertainties caused by cosmogenic 4 He corrections made for whole rock ages (e.g., Heymann 1967 vs. Alexeev 1998 can be signifi cantly reduced by performing single grain analyses. It is very likely that many of the whole rock ages in the literature (e.g., summarized by Wasson and Wang 1991) will demand revision using the improved (U-Th)/He method. 
Limitations
The high sensitivity of He diffusion to temperature is one of the merits of this dating method in probing low-temperature thermal histories. He and 21 Ne) due to solar heating after the meteorites were exposed to cosmic rays (Crabb and Schultz 1981) . The samples experienced 4 He loss by solar heating can be distinguished from undisturbed samples by checking the cosmic ray exposure ages. Meteorites having exceptionally young 3 He-exposure ages may have experienced He loss after they were exposed to cosmic rays, thus yielding erroneously young (U-Th)/He ages.
Another diffi culty is from identifying and quantifying trapped 4 He component in certain meteorites. As discussed above, meteorites having high 20 Ne/ 22 Ne or trapped solar wind component should be avoided if the trapped component cannot be precisely measured. In addition, caution is required for primary meteorites which contain a trapped planetary component, although the amount of the planetary 4 He in target minerals (e.g., phosphates) is believed to be very small.
Pu FISSION TRACK METHOD Fundamentals
The 244 Pu, a radionuclide with half life of 82 m.y., decays by spontaneous fi ssion producing Xe and nuclear tracks (Kuroda 1960; Reynolds 1960) . To calculate an absolute age, it is necessary to know the amount of 244 Pu at the time of track retention and the number of fi ssion tracks produced by 244 Pu. However, because of the large uncertainties in estimating the extinct- 244 Pu concentrations in specifi c samples during the early solar system and diffi culties in discriminating 244 Pu fi ssion tracks from other sources, this method is used only for relative age determinations. 244 Pu fi ssion processes also register tracks in the phases adjacent to the Pu-rich phosphates. The track densities in the neighboring phases are compared with those of phosphates, and converted to cooling rates provided that the track annealing properties in each mineral are well understood. The deduced cooling rates or relative age differences can be anchored using other thermochronometers (e.g., 40 Ar/ 39 Ar) which yield absolute ages.
The basis of this method is similar to U fi ssion track dating, which is commonly used for the terrestrial samples. An immediate question is why 244 Pu fi ssion tracks are used instead of U fi ssion tracks for the meteoritic samples. This choice results from much more effective 244 Pu (spontaneous fi ssion decay constant = 1.058 × 10 /yr). Even though U was more abundant than Pu in the early solar system ( 244 Pu/ 238 U < 0.02 in bulk ordinary chondrites; Hagee et al. 1990) , it was shown that Pu produces > 10 times more fi ssion tracks than U in merrillites with relatively high Pu/U (Crozaz et al. 1989; Pellas et al. 1997 ).
History
After the 244 Pu and 238 U were created through nucleosynthesis, the nuclides began to spontaneously fi ssion, generating Xe and fi ssion tracks. The generated fi ssion tracks were not retained until the solid body cooled down below a certain temperature. Fleischer et al. (1965) showed how the time interval (∆T 0 ) between cessation of nucleosynthesis and beginning of fi ssion track retention can be estimated from fi ssion track data of the Moore County (achondrite) and Toluca (iron) meteorites. However, because these estimates are sensitive to initial Pu/U values, they can only provide ∆T 0 with large uncertainties.
Min
The technique was further developed to estimate cooling rates for individual meteorites (Pellas and Strozer 1974 , 1981 based on the fi ssion track record in U-and Pu-rich phosphates of merrillite and apatite, and adjacent minerals such as feldspar, pyroxene and olivine. Because the annealing properties of tracks in these minerals are different, it should be possible to deduce cooling rates by examining fi ssion tracks registered in the phosphates and on the surface of adjacent phases. Pellas and Storzer (1981) estimated cooling rates for individual meteorites of H-and L-chondrites over temperature range of ~300-100 °C. Crozaz and Tasker (1981) applied the 244 Pu fi ssion track dating to mesosiderites and suggested more rapid cooling rate than previously estimated at low-temperature regime.
The diffi culty in applying the 244 Pu fi ssion track dating comes from the fact that the 244 Pu is extinct and estimating initial 244 Pu concentrations in individual phases is not a trivial issue. Because 244 Pu does not have any isotopes having long half life to be used as a standard, U (or Nd) is commonly used to estimate initial 244 Pu with an assumption that the Pu/U (or Pu/ Nd) is undifferentiated (thus constant) during chemical processes in the early solar system. However, it is known to be invalid in many meteorites (Pellas and Storzer 1975) . Crozaz et al. (1989) calculated the initial 244 Pu concentrations in single phosphate crystals in 21 ordinary chondrites by counting fi ssion tracks and assuming the ages of the samples. By comparing the estimated 244 Pu contents with measured U and REE, they discovered no systematic correlation between Pu and U contents. Although they found that Nd is more likely to behave similar to Pu, they showed that none of these elements can be used to trace 244 Pu. Additional complexity comes from (1) possible heterogeneous distribution of Pu within phosphate crystals in a single meteorite, (2) tracks produced by interactions with cosmic rays and (3) cracks developed by shock events. Due to these and other diffi culties, Crozaz et al. (1989) concluded that 244 Pu fi ssion track dating could not produce reliable chronologic results. Later, the Pu/U and Pu/Nd variations for ordinary chondrites were better documented on a whole rock scale (Hagee et al. 1990 ) and an effective way of discriminating cosmic ray-produced tracks were developed (Pellas et al. , 1997 Lavielle et al. 1992 ). Pellas et al (1997) deduced cooling rates of the Acapulco meteorites in the range of ~280-90 °C by carefully correcting the observed tracks in merrillites, apatites and adjacent orthopyroxenes. They also determined 40 Ar/ 39 Ar ages of feldspar, and used these data to anchor the relative ages determined from 244 Pu fi ssion track dating, fi nally obtaining a complete cooling path in the range of ~280-90 °C. Trieloff et al. (2003) Ar dating methods to single grains from 14 H-chondrites, discovering correlation between the metamorphic grades and cooling rates of these samples.
Age correction
Cosmic ray tracks. Cosmic rays have energies high enough to penetrate into meteorites, producing tracks similar to fi ssion tracks. The density of the cosmic ray tracks is dependent on the exposure age and location of the sample in the parent meteoroid. Samples from inner parts of meteorites with young exposure ages are preferred for 244 Pu fi ssion track dating because these samples are better shielded against cosmic rays. The cosmic track density can be estimated by measuring track densities of Pu-and U-free phases in the same meteorite body. For the Acapulco apatite and merrillite crystals, with an exposure age of ~7 Ma, less than a 2% contribution was estimated (Pellas et al. 1997 ).
Cosmic rays also induce spallation reactions (disintegration of the target nuclei into protons, neutrons and light nuclei). Recoil during the spallation reactions also generates tracks in meteorites, which are generally short (< 2 µm; Fleischer et al. 1967) . The spallation reaction is dependent on the chemical composition of the target materials as well as the exposure age and shielding effect. Therefore, spallation tracks in phosphates cannot be simply deduced from spallation tracks in other Pu-and U-free phases. There are two ways to estimate the production rate of spallation tracks in minerals. Because spallation tracks are more easily annealed than fi ssion tracks, the spallation tracks can be selectively annealed by successive heating experiments. From this method, Pellas et al. (1989) deduced the production rate of ~5.3 tracks/ cm 2 -yr for merrillites in the Forest Vale chondrite. The production rate can then be calculated by comparing the number of annealed tracks and exposure age of the meteorite. Another approach is irradiating the samples with protons having energies similar to the cosmic rays. Using this technique, Pellas et al. (1989) estimated ~4 tracks/cm 2 -yr for merrillites from the Forest Vale chondrite whereas Perron (1993) suggested ~6 tracks/cm 2 -yr and ~1.6 tracks/cm 2 -yr for merrillite and apatite, respectively. Direct application of these estimates to other samples may introduce uncertainties, however, as the deduced production rates are sensitive to many factors including shielding effect and orientation of the crystals (Perron 1993) . Also, if some spallation tracks have been annealed by minor thermal events, simple calculation of the spallation effect using the production rate and exposure age may overestimate the true spallation track density. It is recommended to use both approaches for reliable track density estimation.
For Acapulco merrillite, ~10-15% tracks are from the spallation reactions (Pellas et al. 1997) . For merrillites from the Forest Vale chondrite having very long exposure age of ~76 Ma, the contribution of cosmic ray-induced tracks (cosmic ray tracks + spallation tracks) is ~50% when the production rate of Pellas et al. (1997) was used. The contribution may signifi cantly larger if the production rate of Perron (1993) is considered. Therefore, careful interpretation of the track data is required, particularly for apatites having relatively low Pu/U and samples with long exposure ages. The spallation track densities in orthopyroxene are ~2 orders of magnitude smaller than for merrillites (Fleischer et al. 1971 ).
U fi ssion tracks and cracks. U is another source of fi ssion tracks. This effect can be corrected if the U concentration can be estimated. One way to estimate U concentration is analyzing samples using ICP-MS or a neutron activation method, and assuming the same U concentrations for the target materials. A more direct way is by irradiating the track-measured samples and detectors (e.g., mica) attached to them, then counting the number of artifi cially generated tracks registered in the monitors. This process is similar to the normal U fi ssion track method applied to terrestrial materials.
Because U is more enriched in apatite (~1-10 ppm) than in merrillite (<1 ppm), the U fi ssion tracks are more abundant in apatite. For meteorites with ages > ~4 Ga, the contribution of U fi ssion tracks is ~1% in merrillites, whereas up to ~50% in apatites (Pellas and Storzer 1981) . For this reason, merrillites with low U content are more preferred over apatite for 244 Pu fi ssion track dating.
Shock induced cracks developed in samples may be confused with fi ssion tracks. In many cases, it is diffi cult to distinguish these cracks from fi ssion tracks, thus the 244 Pu fi ssion track method is limited to the meteorites having no shock features. Even unshocked meteorites may have cracks, requiring careful examination of the samples. For example, Pellas et al. (1997) argued that more than 50% of the tracks in apatites from the unshocked meteorite of Acapulco are actually cracks (see Table 2 in Pellas et al. 1997 ), although they did not fi nd any crack components from merrillites and orthopyroxenes in the same meteorite. To overcome these complications, it will be necessary to develop a more direct way to discriminate cracks from fi ssion tracks.
Track registration effi ciency. The effi ciency of track registration varies for different phases, thus the measured track densities need to be corrected accordingly. The registration effi ciency can be estimated by irradiating polished target crystals attached on a thick source of fi ssion fragments of known activity (e.g., 252 Cf). Commonly a mica standard is also irradiated with the samples, and densities of the generated fi ssion tracks in the standard are compared with those in the samples (Pellas et al. 1997 ).
Annealing properties
Understanding the annealing properties of tracks in each mineral phase is essential to deduce thermochronologic information from track data. The general trend of retention temperatures is known to be in the order of feldspar > orthopyroxene > merrillite ≥ apatite (Fleisher et al. 1975; Pellas and Storzer 1975) . From empirical calibrations, Pellas and Strorzer (1981) suggested approximate retention temperatures of ~327 (357) ± 30 °C for feldspar, ~277 (307) ± 20 °C for orthopyroxene and ~92 (117) ± 15 °C for phosphate for cooling rates of 1-3 °C /Ma (each number in parentheses corresponds to retention temperatures for a cooling rate of 8-20 °C/Ma). More reliable data were obtained by Mold et al. (1984) who performed annealing experiments for fi ssion tracks in merrillite and apatite from the Estacado chondrite (Fig. 7) . By extrapolating the results to natural conditions, they obtained closure temperatures (linearly extrapolated intercept from the number of tracks vs. temperature plot) of 84 ±10 °C and 66 ±10 °C for merrillite and apatite, respectively, at a cooling rate of 1 °C/Ma. They also performed annealing experiments for induced tracks in merrillites from the Bondoc mesosiderite, and obtained a higher closure temperature of 134 ± 15 °C at a cooling rate of 0.2 °C/Ma. Retention temperatures of ~120 ± 25 °C and ~ 90 ± 20 °C were suggested to be the most reliable (Pellas et al. 1997; Trieloff et al. 2003) . The retention temperatures of orthopyroxene were estimated to be 267-307 °C for different cooling rates of 0.5-100 °C/Ma (unpublished data cited in Pellas et al. 1997 ).
244 Pu fi ssion track data Pellas et al. (1997) applied 244 Pu fi ssion track and 40 Ar/ 39 Ar dating methods to the Acapulco meteorite which is believed to have a common parent body with Lodranites. Based on fi ssion track data from orthopyroxene, merrillite and apatite, slow cooling (~1.7 ± 0.5 °C/Ma) was deduced in temperature range of ~280-90 °C. The 40 Ar/ 39 Ar experiments applied to bulk samples yielded a plateau age of 4514 ± 32 Ma (2σ) and a plagioclase closure temperature of 290 °C. Because the deduced Ar closure temperature in plagioclase is indistinguishable from the track retention temperature of orthopyroxene, they could anchor the orthopyroxene fi ssion track ages using plagioclase 40 Ar/ 39 Ar data, and concluded that the 244 Pu fi ssion track ages are ~4410 Ma and ~4400 Ma for merrillite and apatite, respectively. /yr; Steiger and Jäger 1977) was questioned (Min et al. 2000) , however, and Renne (2000) suggested possibility of older 40 Ar/ 39 Ar ages (4554 Ma) for the Acapulco meteorite based on single grain analyses and updated 40 K decay constants. The suggestion of increasing 40 Ar/
39
Ar ages was generally accepted, although the degree of shift is debated due to the large uncertainties of the 40 K decay constants and diffi culties in determining precise ages for meteorite samples (Renne 2000 (Renne , 2001 Trieloff et al. 2001) . If the true 40 Ar/ 39 Ar age of the Acapulco is older than the values based on the traditional decay constant of Steiger and Jäger (1977) by ~47 Ma (Renne 2000 (Renne , 2001 or ~30 Ma (Trieloff et al. 2001 (Trieloff et al. , 2003 , the 244 Pu fi ssion track age of the merrillite becomes 4460 ± 30 Ma (2σ) or 4443 ± 30 Ma (2σ), respectively. Min et al. (2003) determined (U-Th)/ He ages [>4538 ± 64 Ma (2σ)] from single crystals of apatite suggesting higher cooling rate than deduced by Pellas et al. (1997) , questioning the retentivity of the fi ssion tracks by later stage thermal disturbances. Nevertheless, the revised 244 Pu fi ssion track ages and (U-Th)/He ages [>4538 ± 64 Ma (2σ)] slightly overlap within 2σ uncertainties, and more accurate and precise age estimates on the low-temperature regime are required to better constrain 40 K decay constants as well as to understand cooling history of the Acapulco meteorite.
The 244
Pu fi ssion track method is most intensively applied to unshocked H-chondrites which are presumed to have originated from a single parent body. The H-chondrites are divided into four groups depending on their metamorphic grades: from H3 (the least metamorphosed) to H6 (the most metamorphosed). Trieloff et al. (2003) recently inferred lowtemperature (280-120 °C) cooling histories of these samples by applying 40 Ar/ 39 Ar method to feldspar and pyroxene separates and whole rock samples, and by applying 244 Pu fi ssion track dating to merrillite and orthopyroxene crystals. After correcting the decay constant effect for 40 Ar/ 39 Ar age calculation, they found a systematic increase of cooling rates from <4 °C/Ma for H6 chondrites to >8 °C/Ma for H4 samples (Fig. 8) . These results support a layered structure Pu fi ssion track data linked with 40 Ar/ 39 Ar results (Trieloff et al. 2003) . The 40 Ar/ 39 Ar ages were up by 30 Myr to account for the decay constant effect (Renne 2000 (Renne , 2001 Trieloff 2001) . Cooling curves are calculated for a chondritic 100-km diameter asteroid internally heated by 26 
Min
model for H parent body where rocks in the center were heated to higher temperatures followed by slow cooling, whereas the outer shell was heated less and cooled down rapidly. Another implication is the main heat source of the early metamorphism in the parent body of H-chondrites was short-lived radionuclides, most likely 26 Al (Lee et al. 1976 ). 244 Pu fi ssion track dating is a powerful tool for estimating cooling rates in many meteorites, it should be used with great care due to following limitations. (1) Because of the diffi culties in accurately estimating the initial 244 Pu concentration in target materials, the 244 Pu method, if not calibrated to other chronometers, cannot yield reliable absolute ages. The method can yield age differences among phases, however, which can be converted into cooling rates. (2) Extinct- 244 Pu has a short half life (82 m.y.) and its initial abundance in the early solar system was very small, thus the method can yield cooling rates for sample histories >~4 Ga. This would not be applicable to shocked or young meteorites (e.g., Martian meteorites). (3) The 244 Pu fi ssion tracks must be distinguished from U fi ssion tracks or other dislocations. These corrections introduce large uncertainties in estimating the density of 244 Pu fi ssion tracks, most seriously for apatite having relatively low Pu/U.
Limitations

Although
CONCLUDING REMARKS
The (U-Th)/He dating can provide absolute ages for when the body passed through ~100 °C , whereas the 244 Pu fi ssion track method may yield cooling rates over ~300-100 °C for old (> ~4 Ga) meteorites. The combination of these two methods provides the best constraints for low-temperature thermal histories of meteorites.
The (U-Th)/He method applied to single grains may provide useful information on the timing and temperature conditions of impact events. This information can be compared with cosmic ray exposure ages to understand physical processes (ejection or breakup) of the target meteorites. If the material was exposed to cosmic rays before its ejection, the cosmic ray exposure age will be older than the timing of ejection-related shock metamorphism. If the material was ejected from parent asteroid, but resided in a large body before it exposed to cosmic rays by later breakup processes, the exposure age will be younger than the timing of primary impact. The exposure ages will be same as the (U-Th)/He ages if the ejection, shock metamorphism and exposure happen within a brief period (e.g., LA Martian meteorite). Related questions are: (1) How much heat would be generated by impact events and breakup episodes? (2) What would be the distribution of the generated heat in the body? (3) Which physical processes can explain these heat distributions? Quantitative estimations of the temperature (and pressure) conditions as well as timing of the shock metamorphism may be deduced by studying He diffusion in extraterrestrial materials.
